Using the technique of Laser Induced Breakdown Spectroscopy (LIBS), which uses a pulsed laser to create plasma and advanced spectroscopic techniques, we analyzed the contents of surface water (river water) around the city of Dhaka. Several elements such as Li, C, Na, Mg, Al, K, Ca, Ti, Mn, Fe, Sr were identified in the water samples collected in addition to Cr, which was found at two locations at different concentrations. Chromium is a toxic element, and its presence at high concentrations is hazardous for human beings as well as the environment. Its presence in water is suspected due to the effluent discharge from the nearby tanning industries. Semi-quantitative analysis of the chromium present was performed. To our knowledge, this is the first example of the application of the LIBS technique in water analysis in Bangladesh.
INTRODUCTION
Laser-Induced Breakdown Spectroscopy (LIBS) is a new and rapidly evolving technique useful for the detection of elements in many diverse situations (1) (2) (3) . The technique uses high power laser pulses for generation of plasma from samples and uses spectroscopic techniques for both qualitative and quantitative analysis for multiple elements. Since spectroscopic techniques are used, no chemical reagents are necessary. The technique is extremely versatile and powerful, and is capable of analyzing solid, liquids and gas samples. LIBS has been used, for example, for the detection of trace elements of soils (4) (5) , geological analysis (6) , aerosol analysis (7) (8) , analysis of industrial waste water (9) (10) etc, to name a few.
Previously we have used a LIBS system for the elemental analysis of minerals in our laboratory (11) . In this paper, we used LIBS technique for the analysis of surface water from different sources in Bangladesh. To our knowledge, this is the first application of LIBS in the analysis of water in Bangladesh. We constructed a simple LIBS setup and performed both qualitative and quantitative analysis of various water samples, with a view to determine potentially harmful elements. We were successful in detecting at least one harmful element in different samples.
EXPERIMENTAL DETAILS
The schematic diagram of the experimental LIBS system is shown in figure: 1. The excitation laser which was used is a Q-switched Nd:YAG laser system (Spectra-Physics LAB-170-10) which has output at fundamental wavelength of 1064 nm with pulse duration of 8 ns, repetition rate of 10 Hz and pulse energy of 850 mJ. The laser is also equipped with harmonic generators capable of generating the second and third harmonics of the fundamental at 532 and 355 nm by means of KDP crystals and producing energies of 450 and 220 mJ per pulse, respectively. An intense, transient plasma is produced by focusing the laser beam on the sample by a convex lens of 100 mm focal length. The plasma is generated at the repetition rate of the laser, i.e. at 10 times per second. The light emitted by the plasma was collected by a 3 m long multimode optical fibre. The light is then transmitted through the fiber to its other end which is placed at the entrance slit of a 750 nm focal length computerized CzernyTurner spectrograph (Acton Model SP-2758). The spectrograph is equipped by two ruled gratings; 300 grooves/ mm and 1200 grooves/mm, which are interchangeable under computer control and providing low resolution and high resolution spectra, respectively.
The output end of the spectrograph is placed in conjunction with a scientific-grade CCD camera (Roper Scientific PIXIS 100B). The CCD camera has 1340 x 100 pixels and is cooled to -73 C by a four-stage Peltier cooler to reduce noise. The image data captured by the CCD camera is transferred to the personal computer by means of high speed USB connection cable.
All the function of the PIXIS camera and the Acton spectrograph can be fully controlled by WinSpec software provided by the manufacturer. The CCD camera was usually set to spectroscopy mode. In this mode, all the 100 pixels in the vertical direction are summed (binned) in hardware before digitization is performed resulting in an improved signal-to-noise ratio. The camera can support data acquisition rates (frame rates) as high as 500 Hz in this mode.
If 300 grooves/mm grating is used, a spectrum of about 120 nm width can be captured without moving the grating, and for the 1200 grooves/mm grating, it is 30 nm.
However, this width is insufficient to cover all the wavelengths of the emission spectrum from the sample. Hence, to cover a wider region, the grating was stepped under computer control, and data acquisition was performed at each grating position. All this functions were performed by WinSpec software.
To find out all the elements within the sample we tried to acquire spectra covering as wide region as possible. But the higher limit of wavelength sensitivity of our detection system is determined by the drop-off of CCD sensitivity in the IR, limiting the useful operation to less than about 900 nm. The lower spectral limit is determined by loss of diffraction efficiency of the grating (blazed at 300 nm) and the absorption of the fiber in the UV. Overall, the lower limit of our system is about 200 nm.
The laser was operated at 10 Hz and the camera was allowed to operate in the free running mode without any synchronization of the laser (non-gated mode). Integration times of up to 10 sec were used to acquire spectra, and hence, an emission spectrum was accumulated from an average of up to 100 shots. This averaging process eliminates any short-term instability of the laser.
Collection of Water Samples: Water samples were collected from different areas in and around Dhaka city, which are known to be polluted, (Fig:2) . Waters were collected from two different places of the river Buriganga, near Kamrangirchar and Shoari Ghat (points A and B), with a view to detect hazardous effluents discharged by the nearby tanneries situated around Hajaribag (point C). It maybe mentioned here that Shoari Ghat is located downstream to Kamringir Char. Further samples were collected from Shitalakhya river near Narayangonj (D) and Hatir Jhil lake (E) which carries polluted waters from Tejgaon industrial area, respectively, and also from Dholai Khal (F) near Jatra Bari. About 5 liters of surface water was collected from each place. After collection, waters were kept undisturbed for one day and allowed to settle down. Then residues which accumulated at the bottom of the container were extracted and dried. The remaining water which was free of suspended substance was boiled off by heating, and the residues after boiling were collected and weighed. For the purpose of LIBS experiment, pellets were formed by applying pressure by a hand operated drill press from the residue powders to make compact samples. In the process, two samples, namely Suspended Substance (SS) and Dissolved Substance (DS) were found.
EXPERIMENTAL RESULTS
LIBS experiments were performed for both suspended substance and dissolved substance of all the samples where possible. Results which were found are presented in the following sections. i) Kamrangirchar: 156.4 mg suspended substance was obtained from five litres of water that was collected. LIBS spectra of the suspended substance were acquired with the low resolution grating. The complete spectra covering the whole scanning range is shown in Figures: 3 and 4 . Many lines were found in the spectra that were identified using the NIST atomic line database (12) . Presence of Ca, Fe, K, Al, Mg, Ti, Na, Li were confirmed by the low resolution spectra. But no interesting heavy element was found in these spectra. Therefore high resolution LIBS experiments were performed with the 1200lines/mm grating, and lines of C, Si, Sr, Mn and Cr were confirmed (Figures 3 and 4) . Emission lines of these elements were not observed in the low resolution spectra.
In these spectra, we identified six unambiguous lines of Cr which conclusively proves the existence of Cr in the suspended substance of the sample of Kamrangirchar. No other heavy metals could be identified. Table 1 summarizes the elements identified in the suspended substance of the samples of Kamrangirchar. Next, the analysis of the dissolved substance of the sample of Kamrangirchar was performed. Emission lines of Li, C, Na, Mg, Al, Si, K, Ca and Sr were found in both low resolution and high resolution spectra. No evidence of Cr was found in those spectra.
ii) Shoari Ghat: Five liters of water was collected from Soari Ghat from which 150 mg of suspended substance was found. Both low resolution and high resolution experiments with suspended substance were performed. Overall, the findings with the suspended substance of the sample of Shoari Ghat were identical to that of Kamrangirchar, namely, the lines of Li, C, Na, Mg, Al, Si, K, Ca, Ti, Cr, Mn, Fe and Sr were observed and the presence of Cr was found conclusively in the sample. Similar analysis of dissolved substance of the samples of Shoari Ghat was performed. The result was identical to that of dissolved substance of Kamrangirchar i.e., lines of Li, C, Na, Mg, Al, Si, K, Ca, Sr were observed and the existence of Cr was not found.
iii) Shitalakhya, Dholai Khal and Tejgaon Industrial Area (Hatir Jhil):
Analyses of water samples from these places were performed as well. Similar results like Kamrangirchar (Table: 1) were found with the exception that no evidence of Cr was found.
The qualitative analysis shows the presence of Cr in the suspended substance of both the samples of Kamrangirchar and Shoari Ghat. But their intensities indicate that the concentration of Cr in Kamrangirchar is higher than that of Cr in Shoari Ghat. Thus to confirm it, quantitative analysis of those samples were performed.
The analytical measurements are generally done when a state of local thermal equilibrium (LTE) is achieved when the electron temperature is equal to the excitation temperature. At this equilibrium condition, the analyte intensity is proportional to the relative population of the level and follows the Boltzmann distribution. Under the LTE condition, the total intensity of a spectral line 'I' from an excited atom or ion in homogeneous and optically thin plasma for a transition from j→i is given by (10) :
where, h is the Planck's constant, υ ji is the frequency of the transition from state j→i, A ji is the Einstein transition probability, N is the ground level population density, g j and E j are statistical weight and energy of upper level j, respectively, Q is the partition of relevant species, k is the Boltzman's constant and T is the electron temperature of the plasma.
Since I j is proportional to the ground level population density, hence in practice, an empirical relationship can be sought that, the observed intensity (I) is also proportional to the corresponding concentration (C). However, the absolute intensity is dependent on plasma conditions. But from equation (1), if all the other parameters do not change, Since strong lines of Ca and Mg, which are extremely common elements in surface water were observed, we attempted to determine the ratio of Cr atoms to the sum of Ca and Mg atoms in the river samples. For this purpose, we mixed standard salts Cr 2 (SO 4 ) 3 and CaCO 3 , and prepared samples containing 0.05%, 0.1%, 1%, 10%, 20% and 30% of Cr in Ca. LIBS spectrum was taken for each of the prepared samples, at a position centered at 425 nm that includes lines of both Cr and Ca at 425.43 nm and 422.67 nm, respectively. For instance, few spectra resulting from the samples with 0.1%, 1%, 10%, 30% Cr in Ca are shown in (Fig-5(a-d) ). For each of the spectra intensity ratio (areas under the curves) of the spectral line of Cr to that of Ca was calculated. A calibration curve of '(Intensity ratio of Cr to Ca) Vs (Atomic ratio of Cr in Ca) was drawn. Then LIBS spectrum was taken for each of the river samples at the same spectral window to determine the intensity ratio of the same spectral lines. Finally, from the calibration curve, the unknown atomic ratios of Cr to Ca in the river samples were found. From the first calibration curve (Fig: 6(a) ) atomic ratios of Cr to Ca were found to be 8.44 and 27.104 percent in Shoari Ghat and Kamrangirchar samples, respectively. From the second calibration curve (Fig: 6(b) ) the atomic ratios of Mg to Ca were found to be 130.5 and 180.95 percent in those two samples, respectively.
Thus the atomic ratios of Cr to the sum of Ca and Mg were calculated for the river water suspended samples and presented in Table 2 . 
DISCUSSION
In this paper, we analyzed the suspended and dissolved contents of the surface water (river water) around Dhaka City. We found the existence of many elements such as Li, C, Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Sr in addition to Cr. The elements such as Mg, Al. Ca, Ti, Fe, Sr are natural constituents of soil and may be expected to be present in surface water, and as such, their presence in the collected samples is hardly surprising. On the other hand, Cr is not usually present in soils and is hazardous if present in high concentrations (13) . This Cr must have come from the tanneries in Hajaribag area which is near the two sampling points of the river Buriganga ( Kamrangirchar and Shoari Ghat). Of these two locations, higher concentration of Cr was detected at Kamrangirchar. This can be due to the fact that Kamrangirchar is located nearer to the tanning industries compared to Shoari Ghat, and the effluent at the former location has less probability of dilution.
These tanneries might be using this Cr in the form of insoluble salts for tanning purposes which remain in suspended substance but not in dissolved substance. This might be the reason for which we could not detect Cr in the dissolved substance. Unfortunately we could not detect any other toxic elements like Pb, As, Cd, etc. in either of the suspended or dissolved substance in these samples. This is probably due to the limited sensitivity of the non-gated CCD system which is always open during the data accumulation and collects all the lights from plasma background and other noises. Therefore with this detection system, trace elements whose concentrations are less than roughly 1000 ppm can not be detected. Since only a small amount of sample was available we could not perform a full quantitative analysis.
The advantage of LIBS technique compared to the conventional chemical method lies in the fact that no chemical reagents are required in this case. In the LIBS method, analysis of multiple elements is possible at the same time and results can be obtained relatively quickly. To the best of our knowledge, it is the first application of LIBS to the analysis of surface water in Bangladesh. With the availability of a sensitive gated detector (ICCD), it should be possible to make a detailed study of all the toxic elements (some of which may be present in trace levels) in surface water around Dhaka City. This will give a clear idea about the dynamics of the flow and transport of harmful pollutants around the City of Dhaka which is essential for the proper management and control of the pollution.
